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Chick embryoation is initially mediated through the sequential differentiation, migration, and
assembly of endothelial cells (ECs). While many molecular signals that promote vascular development have
been identiﬁed, little is known about suppressors of this process. In higher vertebrates, including birds and
mammals, the vascular network forms throughout the embryonic disk with the exception of a region along
the midline. We have previously shown that the notochord is responsible for the generation and
maintenance of the avascular midline and that BMP antagonists expressed by this embryonic tissue,
including Noggin and Chordin, can mimic this inhibitory role. Here we report that the notochord suppresses
the generation of ECs from the mesoderm both in vivo and in vitro. We also report that the notochord
diminishes the ability of mature ECs to organize into a primitive plexus. Furthermore, Noggin mimics
notochord-based inhibition by preventing mesodermal EC generation and mature EC network formation.
These ﬁndings suggest that the mesoderm surrounding the midline is competent to give rise to ECs and to
form blood vessels, but that notochord derived-BMP antagonists suppress EC differentiation and maturation
processes leading to inhibition of midline vessel formation.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe embryonic vascular network initially forms de novo through
the differentiation of ECs from mesodermal precursors and their
assembly into a primitive plexus (Pardanaurd et al., 1989; Risau and
Flamme, 1995). Subsequently, these EC networks coalesce and are
remodeled, giving rise to a series of mature vessels (Hirakow and
Hiruma, 1981; Cofﬁn and Poole, 1988). Failure of this process leads to
early embryonic lethality (Copp, 1995; Winnier et al., 1995; Carmeliet
et al., 1996; Ferrara, 1999).
While many stimuli that promote vascular development have been
identiﬁed (reviewed by Beck and D'Amore, 1997; Yancopoulos et al.,
2000; Ferguson et al., 2005; Schmidt et al., 2007), little is known
regarding physiological suppressors of basic ECs activities such as
differentiation, migration, and assembly. The few identiﬁed cases of
negative regulation of EC function, however, have suggested that
inhibition of vascular formation is essential for development and
homeostasis. For instance, Chondromodulin-1 is required for the
maintenance of avascular regions including cartilage, cardiac valves,
and retina (Hiraki et al., 1997; Dietz et al., 1999; Yoshioka et al., 2006).
Angiostatins and endostatins have been investigated as potentiala).
l rights reserved.repressors of EC proliferation and migration affecting pathological
angiogenesis (O'Reilly et al., 1996; Ji et al., 1998; Troyanovsky et al.,
2001; Eriksson et al., 2003).
In higher vertebrates, a primitive vascular network initially forms
throughout the embryonic disk with the exception of a region
adjacent to the midline; bilateral to which the paired dorsal aortae
form. Recently, we have shown that generation of this midline
avascular zone depends on the notochord, and that notochord-derived
BMP antagonists, including Noggin and Chordin, can inhibit vessel
formation in vivo and repress ECmigration in vitro (Reese et al., 2004).
However, the potential inﬂuence of the notochord on other aspects of
vasculogenesis, including EC differentiation and/or network formation
have not been investigated. Due to the requirement of BMP signaling
for the induction of the ventral mesoderm (Winnier et al., 1995), a
major source of intraembryonic ECs, it has been difﬁcult to establish a
direct role for BMPs during the initial phases of embryonic
vasculogenesis. This is due, in large part, to the fact that ECs defects
cannot be clearly distinguished from abnormal mesoderm develop-
ment in BMP knockout models (reviewed by Snyder et al., 2004).
Nevertheless, BMPs have been used to drive the derivation of ECs from
various embryonic stem cell culture systems (Park et al., 2004), and to
induce embryonic expression of VEGFR2, an early marker for both
hematopoietic and EC lineages (Nimmagadda et al., 2004). Further-
more, both BMP2 and BMP4 have been implicated as stimulators of
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and Langenfeld, 2004; Raida et al., 2005; Rothhammer et al., 2007).
These ﬁndings indicate that the interplay between BMPs and their
antagonists may serve to regulate multiple EC functions required for
the initial formation of the vascular network.
In the present report, we show that the notochord is required for
the suppression paraxial mesoderm EC generation, and this function
can be mimicked by BMP antagonism. Moreover, we demonstrate that
notochord-derived BMP antagonists can suppress the ability of ECs to
assemble into networks. These data indicate that the genesis of the
midline avascular zone by the notochord is mediated through the
expression and secretion of BMP antagonists which act to suppress
multiple ECs functions. More generally, they also suggest that BMP
antagonists are physiologically relevant inhibitors of vascular
maturation.
Methods
Chick/quail chimeras
Embryos were staged according to somite number. Leghorn
chicken, Gallus gallus, embryos and Japanese quail, Coturnix Japonica,
embryos were isolated at the 1–2 somite stage using paper rings and
transferred to albumen Agar (BD Biosciences, Bedford, MA) plates
(Chapman et al., 2001). Notochord ablations were preformed as
follows: using a glass needle, a 200 μm incision was made parallel to
the midline, lateral to the neural plate, extending from the last formed
somite to Henson's Node. A second incision was then made
perpendicular to the posterior edge of the ﬁrst incision through the
neural plate which was then deﬂected upwards and the underlining
notochord was carefully excised. Various grafting procedures were
conducted as described in ﬁgure legends and chimeric embryos were
incubated for 12–14 h.
Midline explants
Midline tissue was isolated from 1 to 2 somite stage quail embryos
with notochords or following notochord ablation as described above.
The midline tissue was excised as follows: two incisions were made
parallel to the midline to dissect out the medial 2/3 of the paraxial
mesoderm. Subsequently, two transverse incisions were made, the
ﬁrst just anterior to the last formed somite and the second
immediately anterior to Henson's node. The midline tissue, including
the neural plate, paraxial mesoderm, and endoderm, was then
removed from the embryo using micropipettes (Drummond Scientiﬁc
Company, Broomall, PA) and embedded in a Type I collagen gel (BD
Biosciences). Explants were cultured in DMEM containing 1%
Penicillin/Streptomycin supplemented with 0.1% Fetal Bovine Serum
(Cellgro, Manassas, VA) for a period of 12–14 h in a humidiﬁed
incubator at 37 °C, 5% CO2. Recombinant Noggin and BMP4 (R&D
Systems, Minneapolis, MN) were added to basal media as indicated in
results section.
Endothelial cell culture
Human Aortic Endothelial Cells (HAECs) were purchased from
Lonza and maintained in 10 cm tissue culture dishes (BD Biosciences)
in EGM-2 Media (Lonza, Walkersville, MD) at 37 °C, 5% CO2. All
experiments were conducted between passages 2–4. Network forma-
tion assays were preformed using the BD BioCoat Matrigel Angiogen-
esis System (BD Biosystems, cat#354149) according to manufactures
instructions at a density of ∼1.2×104 cells per well, in Endothelial
Basal Media (EBM) (Lonza) containing 0.1% BSA. Notochord and neural
tube segments were isolated from 8 to 10 somite stage chicks and
placed in DMEM containing 20% FBS and 2.5% Penicillin/Streptomycin
at 37 °C. Tissue fragments were then washed in serum free EBMcontaining 0.1% BSA and embedded into matrigel. Heat inactivated
notochords were heated for 10 min at 95 °C prior to being placed in
thematrigel. HAECswere seeded on top of thematrigel and allowed to
incubate at 37 °C, 5% CO2, for 12–14 h. Cells were then examined for
the extent of cord formation.
For cell proliferation analysis, apoptosis assay and RNA extrac-
tion, HAECs were seeded in 8 well chamber slides at a density of
2.5×104 cells per well. Cells were cultured to 80–90% conﬂuence,
washed in PBS and placed in EBM containing 0.1% BSA supplemen-
ted with indicated concentrations of recombinant BMP4 or Noggin
for 24 h.
Immunohistochemistry
Quail embryos were ﬁxed in 4% PFA at 4 °C for 1–2 h, washed three
times in PBS, and blocked for 1 h in 1% BSA, 0.1% Triton X 100 (Sigma
Aldrich, St. Louis, MO). Whole-mount QH1 staining was preformed as
described previously (Reese et al., 2004). For double staining, embryos
were ﬁrst incubated with the QCPN monoclonal antibody, (Develop-
mental Studies Hybridoma Bank, Iowa City, IA) 1:1500, overnight,
followed by Cy3 secondary (Jackson ImmunoResearch Laboratories,
West Grove, PA). These embryos were washed, re-blocked, and
incubated either with QH1 or a phospho-histone H3 antibody (Cell
Signaling Technology, Boston, MA) at 1:100. Staining of quail sections
was performed by washing ﬁxed embryos in 30% sucrose overnight at
4 °C, embedding them in OCT freezing compounded (Tissue-Tek,
Torrance, CA) and sectioning at 12–20 μm. ECs were visualized in
sections using the QH1 antibody as described above. Immunostaining
of explants was performed by ﬁxing them in 4% PFA for 20 min at 4 °C,
and incubated with QH1. Ki67 staining of HAECs was carried out by
incubating PFA-ﬁxed and blocked cells with an anti-Ki67 antibody
overnight (Abcam, Cambridge, MA) 1:100 at 4 °C, followed by a Cy2
secondary antibody for 1 h at room temperature, and these cells were
then counterstained with DAPI. TUNEL staining was preformed using
the in situ cell death kit (Roche Applied Science, Indianapolis, IN)
according to manufactures instructions.
RT-PCR analysis
The midline region of 4 somite stage quail embryos were isolated
as described above for midline explants. A lateral plate region of
approximately the same size was also isolated. RNAwas puriﬁed using
the Qiagen RNeasy mini kit (Qiagen, Valencia, CA) and converted to
cDNA using the Qiagen Sensiscript RT Kit according to manufactures
instructions. PCR was then preformed using the primers, annealing
temperatures, and cycle numbers described below, with the Qiagen
HotstartTaq Master Mix kit. PCR products were run on 2% agarose gels
containing 0.01% ethidium bromide. DNA band intensities were
normalized to gapdh. Following 12 h of culture, explants were washed
in PBS and trypsinized for 5min at 37 °C. Explants were then collected,
and RNA was extracted and converted to cDNA, and ampliﬁcation
using PCR was preformed as described above. Semi-quantitative Real-
Time PCR analysis was performed by ampliﬁing HAEC cDNA using
Applied Biosystems SYBER Green PCR master mix (Applied Biosys-
tems, Foster City, CA) in a Cepheid SmartCycler (Cepheid, Sunnyvale,
CA) and normalized to gapdh expression. All PCR data was replicated
in sets of four.
Primers
Quail primers — qBmp4 forward 5′-agatgtttgggctgcgaagg-3′,
reverse 5′-tgaggttgaagacgaagcgg-3′ for 33 cycles, 60 °C. qNoggin
forward 5′-atcattcccagtgccttgtgac-3′, reverse 5′-ttgctcagcctgtgcttcttg-
3′ for 30 cycles, 60 °C. qVegfr1 forward 5′-tccttgcagagtcacagcac-3′,
reverse 5′-agttgattgccaggctgtct-3′ for 35 cycles, 60 °C. qVegfr2 forward
5′-gccagcaagtgggagtttcc-3′, reverse 5′-ctccgtagatatgccgagagatttc-3′
for 33 cycles, 65 °C. qPax1 forward 5′-gtacggggaggtgaaccag-3′, reverse
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agacttctccgctcccttcatc-3′, reverse 5′-acggcacgttgtacttgtca-3′ for 30
cycles, 60 °C. qGapdh forward 5′-acgccatcactatcttccag-3′, reverse 5′-
cagccttcactaccctcttg-3′ for 24 cycles, 55 °C. Human primers — hmsx1
forward 5′-tcctcaagctgccagaagat-3′, reverse 5′-acggttcgtcttgtgtttgc-3′.
hGapdh forward 5′-tcaccagggctgcttttaac-3′, reverse 5′-gacaagc-
ttcccgttctcag-3′. Human BMP ligand and receptors primers have
been described previously (Wordinger et al., 2002; Reese et al., 2004;
Liu et al., 2004).
Imaging and data analysis
Embryos and explants were mounted on slides and visualized
using either a Nikon TE2000 inverted microscope or using a Zeiss
LSM510 laser scanning confocal microscope. Images were processed
using Adobe Photoshop version 8.0 and/or analyzed using ImageJ
version 1.34s (http://rsb.info.nih.gov/ij/). For quantiﬁcation of RT-PCR
results, densitometry was preformed using Totallab TL100 version
2006. Real-Time PCR results were acquired using SmartCycler
software.
Results
The axial environment inﬂuences endothelial cell production
To explore the mechanism by which the notochord generates the
embryonic avascular midline, we ﬁrst examined the localized
expression of several genes associated with the BMP signaling axis,
endothelial generation, and paraxial mesoderm patterning (Fig. 1).
Our RT-PCR analysis of the axial/paraxial and lateral plate tissues of 4
somite stage quail embryos detected the expression of EC markers
Vegfr1 (ﬂt1) and Vegfr2 (KDR, ﬂk1, Quek1 in quail) preferentially
associated with the lateral plate mesoderm at this stage (Fig. 1A). We
detected slight expression of the paraxial mesoderm marker Pax1
(Ebensperger et al., 1995; Barnes et al., 1996), in axial/paraxial tissues
at this stage, while Pax1 expression was not detectable in the lateral
plate. Furthermore, the BMP antagonist Noggin was expressed in
medial tissues but not in the lateral plate, while Bmp4 and a BMP
target gene, msx1 (Suzuki et al., 1997; Ma et al., 2005; Wang et al.,
2005), were detected in both medial and lateral regions (Fig. 1A),
agreeing with previous in situ hybridization data (Liem et al., 1995;
Reese et al., 2004).Fig. 1. EC markers are excluded from embryonic midline along the notochord. (A) RT-PCR a
Vegfr2), and paraxial mesoderm patterning (Pax1) in midline and lateral regions of 4 somit
speciﬁc antibody QH1 (green). (C) As in panel B, but 4 somite stage embryo. Note initiation
indicate regions isolated for RT-PCR analysis in A. lpm, lateral plate mesoderm; nc, notochoIn parallel with RT-PCR analyses, the location and timing of EC
generation were mapped during quail development using an EC
speciﬁc monoclonal antibody, QH1 (Pardanaud et al., 1987; Reese et
al., 2004). In our hands, QH1 initially detected individual or small
aggregates of cells along the ventral surface of the lateral mesoderm at
the 2–3 somite stage (Figs.1B, C). By the 4–5 somite stage QH1 positive
cells were found throughout the lateral mesoderm. In contrast, QH1
positive cells were rarely detectable in regions directly adjacent to the
notochord during these stages (Figs. 1B, C). These ﬁndings are similar
to those obtained in previous studies using the QH1 antibody
(Pardanaud et al., 1987; Drake et al., 1997; Rupp et al., 2003; Reese
et al., 2004).
It is unknown whether this absence of QH1 positive cells around
the midline is due to an intrinsic property of the paraxial mesoderm,
which may simply not contain cells competent to differentiate down
the EC lineage at this early stage, or is a response to an inhospitable
axial environment. To test these possibilities, segments of both
paraxial mesoderm and lateral plate mesoderm of 1–2 somite stage
donor quail embryos were transplanted into various regions of
similarly staged host chick embryos and assayed for their ability to
generate ECs (Fig. 2). The fate of all donor cells was traced in the host
chick using the quail speciﬁc perinuclear antibody, QCPN (Wingate
and Lumsden 1996; O'Donnell et al., 2006), and the production of ECs
was analyzed using the QH1 antibody, which does not label chick ECs
(Pardanaud et al., 1987). When donor paraxial mesodermwas grafted
into lateral positions within host chick embryos (Fig. 2A), it generated
QH1 positive cells (sample size (n)=6) (Figs. 2B, C). Similarly, when
quail lateral plate mesoderm was grafted into lateral regions of chick
host embryos (Fig. 2D), QH1 positive cells were readily detected (n=6)
(Figs. 2E, F). Conversely, when segments of quail lateral plate
mesoderm were placed in contact with the notochord within the
midline region of a chick host (Fig. 2G), very few or no QH1 positive
cells were observed (n=7) (Figs. 2H, I). These results demonstrate that
when placed in the appropriate embryonic location the paraxial
mesoderm has a similar capacity to produce ECs as the lateral plate
mesoderm. The data also suggest that local axial environment is
inhibitory or less promotive to EC generation.
Notochord ablation relieves suppression of EC generation
To test whether the absence of ECs at the midline is due to active
inhibition or to lack of inductive stimuli, donor quail paraxialnalysis of genes associated BMP signaling (Bmp4, Noggin, Msx1), EC generation (Vegfr1,
e stage embryo. (B) Ventral view of a 3-somite stage quail embryo stained with an EC
of EC assembly into plexus in lateral regions but excluded from the midline. Boxed area
rd; np, neural plate; pa, paraxial mesoderm.
Fig. 2. The local embryonic environment controls the ability of mesodermal tissue to generate ECs. A segment of donor mesoderm from a 1–2 somite stage quail embryo was
transplanted into an isochronal host chick embryo. Implanted embryos were allowed to develop for 12 h until 12 somite stage, ﬁxed, and double-stained with QCPN (red) and QH1
(green). (A–C) Transplantation of a donor paraxial mesoderm into the host lateral plate mesoderm. (D–E) as panels A–C, but donor lateral plate mesoderm into host lateral plate
mesoderm. (G–I) As panels D–F, but in contactwith the notochord. (A,D,G) Schematic ofmesodermgrafting procedure. (C, F, I) Highermagniﬁcation of implanted sites of panels B, E and
H, respectively. Note the presence of QH1 positive cells (green) emerging from the donormesoderm (red) grafted into the lateral platemesoderm (C, E), but no detectable QH1 positive
cells from quail lateral plate mesoderm grafted along the midline (I). nc, notochord; pam, paraxial mesoderm; hn, Henson's node; ps, primitive streak; lpm, lateral plate mesoderm.
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embryos or chick midlines following notochord ablation (Fig. 3). In
chimeras containing notochords (Figs. 3A–D), very few if any QH1
positive (QH1+) cells were detected (n=11). Conversely, robust
production of QH1+ cells was found when paraxial mesoderm was
transplanted into notochord-ablated midlines (n=11) (Figs. 3A, E–G).
The degree of QH1+cell production was quantiﬁed using three-
dimensional z-stacks images acquired using laser scanning confocal
microscopy. Manual counts of QCPN+/QH1+ cells indicated an increase
of ∼8 fold in notochord ablated chick embryos (Fig. 3H).
The above increase of QH1+ cells could result from differences in
donor cell proliferation and/or cell death in notochord ablated
embryos. Using the QCPN antibody and a cell proliferation marker,
phospho-histone H3, we ﬁrst determined whether the notochord
affected the rate of proliferation in midline paraxial mesoderm grafts
(Figs. 3I–K). In control chick embryos, 1.2% of the donor quail cells
stained for phospho-histone H3. Similarly, in notochord ablated host
embryos 1.5% of the grafted quail cells were phospho-histone H3
positive (Fig. 3K), indicating that the rate of cell proliferation within
midline grafts was not signiﬁcantly affected by the presence or
absence of the notochord. We also examined whether the notochord
affected apoptosis in transplanted paraxial mesoderm. While TUNEL
staining revealed variations in host apoptosis around the surgical site,
this host apoptosis did not correlate to the presence or absence of the
notochord. Because only few or no QH1+ cells were detected in the
presence of the notochord, we were not able to directly comparechange in apoptosis of ECs in the two experimental groups. However,
we detected very few if any apoptotic nuclei in quail paraxial
mesoderm grafts regardless of the state of the notochord (Figs. 3L,
M). Taken together, it is likely that the axial environment can support
EC production when the notochord is removed, and that the
notochord does not effect nearby mesodermal proliferation or
apoptosis.
The notochord directly inhibits EC generation in vitro
The notochord is an important signaling center required for the
establishment of paraxial mesoderm identity (Fan and Tessier-
Lavigne, 1994; Tonegawa and Takahashi, 1998). We therefore, sought
to determine whether midline EC generation following notochord-
ablation is mediated by the removal of speciﬁc notochord-based
inhibition of EC differentiation or is secondary to altered patterning of
the nearby paraxial mesoderm. In order to address this, 1–2 somite
stage quail midline tissues were cultured ex vivo either with intact
notochords or following notochord ablation, and examined for
markers of paraxial mesoderm fate and EC differentiation (Figs. 4A,
B). This culture system allowed us to examine the notochord's role as a
mediator of mesodermal patterning and/or inhibition of EC produc-
tion, without inﬂuence from the intermediate or lateral plate
mesoderm or any laterally derived ECs migrating into the region.
Following 12 h of culture, both control and notochord-ablated
explants exhibited segmentation characteristic of paraxial
Fig. 3. Inhibitory effect of the notochord on EC production from themesoderm at the embryonicmidline. (A) Schematic of midline grafting experiments. Quail paraxial mesodermwas
either implanted into control chick host or the midline of notochord ablated chicks. (B) Overlay of brightﬁeld, QCPN (red), and QH1 (green) staining of quail implants in a host chick
embryo containing an intact notochord. Note no detectable QH1 positive cells. (C) QCPN signal at implanted site in panel B. (D) As in panel C but QH1 signal. (E) As in panel B but in a
notochord ablated chick embryo. Note abundant QH1 positive cells. (F) QCPN signal at implanted site in E. (G) As in F but QH1 signal. (H) Ratio of QH1 positive cells to QCPN positive
nuclei. Data were compiled from 4 notochord-ablated embryos versus 5 control embryos (total number of cells counted were 4,794 in notochord-ablated embryos and 5,136 in
controls. (I) Double staining of quail paraxial mesoderm grafts in control chick embryos with QCPN (red) and proliferation marker phospho-histone H3 (green). Double-labeled cells
indicated by white arrowheads. (J) As in panel I, but in notochord ablated embryo. (D) Ratio of phospho-histone H3 positive quail cells to QCPN positive nuclei in control and
notochord-ablated hosts. (L) As in panel I but double stained with QCPN (red) and TUNEL (green). Blue arrow indicates TUNEL positive host cell. (M) As in panel M but in a notochord
ablated embryo. nc, notochord; pam, paraxial mesoderm; hn, Henson's node; ps, primitive streak; P-HH3, phospho-histone H3; nc−, notochord ablated.
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their paraxial patterning in the absence of the notochord.
Consistent with these morphogenetic characteristics, RT-PCR ana-Fig. 4. Inhibitory effect of the notochord on EC generation in midline explants. (A) Ventral vie
explanted region. Explants were either isolated with intact notochords, or following notocho
panel B, but notochord ablated explants. Note segmentation of the paraxial mesoderm as con
explants (upper panel) and the normalized ratio of pax1 to gapdh (n=4) (lower panel). Bars i
and notochord ablated (nc−) explants. (G) Whole-mount QH1 staining (green) of control mid
were detectable at the lateral border of explants. (G) As in panel F but notochord ablated exp
plate mesoderm; nc, notochord; nc−, notochord ablated embryos; np, neural plate; pam, palysis of the paraxial mesoderm marker gene, Pax1, detected no
signiﬁcant change in Pax1 expression between control and
notochord-ablated explants (Fig. 4E). These results suggest thatw of a 2-somite stage quail embryo. Box indicates area to be explanted. (B) Schematic of
rd ablation. (C) Brightﬁeld image of control explants following 12 h of culture. (D) As in
trol (asterisks). (E) RT-PCR analysis of pax1 expression in control and notochord ablated
ndicate standard deviation. (F) As in panel E but Vegfr1 and Vegfr2 expression in control
line explants. White line indicates notochord location. Note only few QH1 positive cells
lants. Dashed white line indicates site fromwhich notochord was removed. lpm, lateral
raxial mesoderm; sm, somite.
Fig. 5. Effects of BMP4 and Noggin on EC generation frommidline explants. (A) RT-PCR analysis ofMsx1 expression in control (nc+) and notochord ablated (nc−) midline explants. (B)
The normalized ratio ofMsx1 to Gapdh in control and notochord ablated midline explants (n=4). (C) As in panel B but in explants exposed to standard media, 20 nM BMP4, or 40 nM
Noggin. (D) QH1 staining of control explants (green). White line indicates location of the notochord (nc). (E) As in panel D, but treated with 20 nM BMP4. Note the presence of many
QH1 positive cells (red arrows). (F) The normalized ratio of Vegfr1 and Vegfr2 to Gapdh in control explants (nc+) with and without 20 nM BMP4. (G) As in panel D but notochord
ablated explants (nc−). Dashedwhite line indicates themidline fromwhich notochordwas removed. (H) As in panel F, but treatedwith 40 nMNoggin. (I) As in F but notochord ablated
explants (nc−) with and without 40 nM Noggin.
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characteristics of paraxial mesoderm are preserved following
notochord removal.Fig. 6. Effects of the notochord on EC network formation. (A) Fluorescence image of HAEC ne
chick notochord fragments (red dashed circle). (C) As in panel A, but brightﬁeld image. (D) As
remained as individual clusters. (E) As in panel D, but co-cultured with notochord fragment
cultured with neural tube fragment. Note no inhibition of EC assembly in panels E or F. nc,The above results led us to examine the production of ECs within
these paraxial mesoderm explants. RT-PCR analysis of EC-markers
demonstrated that notochord-ablated explants displayed increasestwork stained with Calcein AM for visualization. (B) As in panel A, but co-cultured with
in panel C, but co-cultured with notochord. Note that nearby ECs failed to assemble and
heated to 95 °C for 10 min before being embedded in matrigel. (F) As in panel D, but co-
notochord; nt, neural tube.
107M. Bressan et al. / Developmental Biology 326 (2009) 101–111in the expression of both Vegfr1 and Vegfr2 compared to control
explants (Fig. 4F). Consistent with these data, immunohistochemical
analysis detected very few QH1 positive cells in control explants
(n=11) (Fig. 4G). Of note, the few QH1 positive cells that were
detected remained as individual, rounded cells, dispersed along the
edges of the explants. Conversely, notochord-ablated explants
contained large areas of QH1 positive cells (n=12) (Fig. 4H). These
cells showed no preference for the explant borders and displayed
the characteristic branching morphology associated with ECs.
Collectively, these data suggest the notochord directly suppresses
EC generation rather than the possibility that this inhibition is
secondary to larger patterning events.
BMP antagonists mimic notochord-based inhibition of EC generation
Notochord expression of BMP antagonists, including noggin, chor-
din, and follistatin, is well documented (Smith and Harland, 1992;
Scott et al., 2000; Reese et al., 2004; Nimmagadda et al., 2004), and we
have previously shown that notochord dependent genesis of the
midline avascular region can bemimicked by Noggin and Chordin. We
therefore sought to determine the role of BMP antagonism in the
suppression of midline EC production (Fig. 5). First, to verify that
notochord ablation resulted in the removal of BMP antagonists from
midline explants, we preformed RT-PCR analysis of a BMP-target gene,
Msx1. Following notochord removal Msx1 levels increased 10 fold
when compared to control explants (Figs. 5A, B), demonstrating that
notochord-ablation indeed resulted in the activation BMP signaling in
our explants. Furthermore, when control explants were treated with
20 nM BMP4,Msx1 expression increased 26 fold compared to standard
media (Fig. 5C). In notochord-ablated explants treated with 40 nM
Noggin,Msx1 expression levels decreased 3.6 fold (Fig. 5C). These data
demonstrate that exogenous addition of BMPs and their antagonists
can modulate BMP-signaling levels within explants.
We next tested if these alterations of BMP signaling levels
correlated to changes in EC generation. As noted earlier, control
explants gave rise to very few ECs, however, these explants could be
stimulated to generate QH1 positive cells following exposure to
exogenous BMP4 (n=9) (Figs. 5D, E). Consistent with this observed
increase in QH1 positive cells, BMP4 increased mRNA levels of Vegfr1
∼5 fold and Vegfr2 ∼6.5 fold when compared to untreated explants
(Fig. 5F). Similarly, while notochord-ablated explants typically
generated large numbers of QH1 positive cells, Noggin treated
notochord-ablated explants displayed depressed levels of QH1
positive staining (n=7) (Figs. 5G, H), and caused Vegfr1 and Vegfr2
expression to drop by∼72% and ∼42% respectively (Fig. 5I). These data
show that the exogenous BMP4 has the ability to neutralize the
notochord suppression of EC generation, and that Noggin can mimic
notochord repression of EC production effectively rescuing the
notochord's ability to repress the expression of EC markers.
ECs are unable to form networks in close proximity to the notochord
The above data demonstrate that the notochord and BMP
antagonists can locally inhibit EC generation. However, since ECs are
highly migratory (reviewed by Schmidt et al., 2007), inhibition of EC
differentiation alone would not be sufﬁcient to maintain the midline
avascular zone present in early avian embryos. To further explore
notochord-based regulation of EC function, we examined the potential
inhibitory role of the notochord on EC assembly. Human aortic
endothelial cells (HAECs) were co-cultured with notochord fragments
of 8–10 somite stage embryos on matrigel (Fig. 6). In the absence of
notochord fragments, control HAECs quickly invaded the matrigel and
assembled into cords (n=16) (Figs. 6A, C). In striking contrast, when
notochord fragments were co-cultured with HAECs, cords did not
form in the region surrounding notochord fragments (n=10) (Figs. 6B,
C), instead the HAECs remained as small aggregates. Inhibition of cordformation was not induced by either neural tube fragments (n=8) or
notochord fragments that had been heat inactivated for 10 min at
95 °C (n=8) (Figs. 6E,F). These data suggest that the notochord can
inhibit EC network formation and this inhibitory effect is speciﬁc to
the notochord.
Noggin can inhibit EC network formation
To test whether BMP antagonism can regulate EC assembly, we ﬁrst
examined the expression of several BMP ligands and receptors to
verify the competency of HAECs to receive BMP signaling. Our RT-PCR
analysis detected the expression of bmp2, bmp4, and bmp6, but no
bmp5 or bmp7 within cultured HAECs. Likewise, we detected bmpr1a
and bmpr2 (Fig. 7A), suggesting that HAECs have the potential to
respond to autocrine BMP signaling. Additionally, we tested whether
Noggin effected HAEC expression of the BMP down stream target
Msx1. HAECs were cultured in serum free EBM supplemented with
0.1% BSA or recombinant Noggin. Following 24 h of culture real-time
PCR analysis indicated that Msx1 expression was downregulated by
Noggin treatment in a dose dependent manner (Fig. 7B). These data
demonstrate that exogenous Noggin can inhibit the expression of BMP
responding gene Msx1 in HAECs.
To test whether Noggin can inhibit EC network formation, HAECs
were plated on matrigel in media containing 0.1% BSA with or with
concentrations of Noggin spanning 20–100 nM. HAECs plated in
control media formed networks, characterized by cellular extensions
connecting nodes, or clusters of cells at intersections points, within
12 h of culture (Fig. 7C). Conversely, HAECs plated in Noggin displayed
a decreased capacity to form cellular networks (Fig. 7C), instead
remaining as unconnected clusters of cells. To quantify Noggin's effect
on EC network formation the number of nodes and cords (i.e., cellular
“bridges,” connecting nodes) were counted. While the number of
nodes remained constant across the concentrations of Noggin
examined, the number of cords showed a dose dependent decrease
across a range of 20–100 nM Noggin (Fig. 7D).
To test the potential effect of Noggin on HAECs apoptosis or
proliferationwe cultured cells inmedia containing either 20 nM BMP4
or 100 nMNoggin. TUNEL staining indicated that ∼1.2% of HAECswere
apoptotic when treated with either BMP4 or Noggin compared to
∼1.3% in control media (Figs. 7E–H). The proliferation index, as
determined by staining with the proliferation marker Ki67, for HAECs
cultured in 20 nM BMP4, 100 nM Noggin, and control media were
16.5%, 18.9%, and 18.1%, respectively (Figs. 7I–L). These ﬁndings
indicate that Noggin acts to suppress EC plexus formation, and that
this inhibition does not appear to be dependent on apoptosis or
proliferation.
Discussion
Previously we reported that the notochord is responsible for the
generation of the midline avascular region present during early avian
development, and that this inhibitory action could be mimicked by its
resident BMP antagonists (Reese et al., 2004). However, the cellular
processes inﬂuenced by BMP antagonists in this system remained
unclear. The present study demonstrates that notochord-derived BMP
antagonists can suppress both EC production and assembly in vivo and
in vitro. The results are consistent with a model in which the
embryonic midline is permissive for EC production and vessel
formation but BMP antagonists repress multiple EC functions, thereby
creating the avascular zone adjacent to the notochord (Fig. 8).
We have previously shown that the notochord can only partially
suppress the migration of differentiated ECs (Reese et al., 2004).
Prevention of blood vessel formation at the embryonic midline would,
therefore, have to depend on other additional forms of regulation.
These could include inhibition of EC proliferation, increased EC
apoptosis, suppression of EC differentiation, and/or inhibition of EC
Fig. 7.Noggin inhibits network formation of ECs. (A) RT-PCR analysis of BMP ligands and receptors in HAECs. (B) Dose response ofMsx1 expression by HAECs to Noggin. Each data point represents the average of 3 samples. Each sample was run
twice to verify results. Bars indicate standard deviation. (C) HAEC network formation following 12 h of culture in media containing Noggin at OnM, 20 nM, 40 nM, and 100 nM, respectively. (D) Dose response of HAEC network formation to
Noggin. Using 10×images of the center of each well, the total number of cords and nodes were counted. (n=8). Bars indicate standard deviation. (E–G) Double staining of HAECs with TUNEL (red) and DAPI (blue) after 12 h in control media (H),
20 nM BMP4 (I), and 100 nMNoggin (J). (K) Changes of TUNEL positive HAECs in response to BMP4 and Noggin (n=3). Total of 3,299 cells in control group, 3,469 cells in BMP-treated group, and 3,308 cells in Noggin treated groupwere counted.
Bars indicate standard deviation. (I–K) As in panels H–J but double staining with Ki67 staining (green) and DAPI (blue). (L) As in panel H, but of HAECs positive for proliferationmarker Ki67. Total of 2,660 cells in control group, 2,547 cells in BMP
treated group, and 2,271 cells in Noggin treated group.
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Fig. 8. Model for role of notochord-derived BMP antagonists in the regulation of EC differentiation and maturation. (A) Schematic illustration of the model where BMP antagonists
emanating from the notochord act onmultiple levels of ECmaturation in order to establish the sharp boundary of vascular plexus formation observed in early avian development. (B)
In early amniote embryos, BMP antagonists produced by the notochord (red) inhibit the generation of ECs from the paraxial mesoderm despite the presence of positive factors
supplied by surrounding tissues (blue arrows) and BMPs (green). (C) Later in development, notochord-derived BMP antagonists (red) inhibit ECs from forming vascular structures at
themidline, while BMPs (green) and other positive signals (blue arrows) promote vessel formation in surrounding tissues. Ec, ectoderm; NT, neural tube; PM, paraxial mesoderm; Nc,
notochord; S, somite; LM, lateral plate mesoderm; DA, dorsal aorta; Ed, endoderm.
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were unable to detect any signiﬁcant changes in proliferation or
apoptosis among quail paraxial mesoderm implanted into control
versus notochord ablated hosts, nor did we observe any change in
proliferation or apoptosis within mature HAECs exposed to BMP4 or
Noggin. Furthermore, the time frame of 12–14 h in which our
experiments were conducted, makes it improbable that the 8 fold
increase in ECswe observed following notochord removal is solely due
to activated cell proliferation, especially considering that lateral plate-
derived ECs only undergo approximately one cell division over this
developmental period (Cohen-Gould and Mikawa, 1996). These datasuggest that EC proliferation or apoptosis play little or no role in
midline avascular zone formation at the onset of vasculogenesis.
However, the notochord does appear to effect EC differentiation
within surrounding mesodermal populations. When the paraxial
mesoderm is transplanted away from the notochord this tissue,
consistent with previous reports (Wilting et al., 1995; Klessinger and
Christ, 1996), can generate ECs. Conversely, neither lateral plate
mesoderm nor paraxial mesoderm will give rise to ECs when
implanted into the midline region unless the notochord has been
ablated. Importantly, the removal of the notochord from 1 to 2 somite
quail embryos and explants does not result in the loss of paraxial
110 M. Bressan et al. / Developmental Biology 326 (2009) 101–111mesoderm segmentation or pax1 expression and thus the increase in
EC generation under these conditions does not appear to be a
consequence of altered tissue patterning. Collectively, these results
strongly suggest that the paraxial mesoderm is permissive for EC
genesis if notochord based inhibition is removed.
In the present study we examined mesodermal EC production by
monitoring several EC markers including QH1, VEGFR1, and VEGFR2.
While these markers can detect differentiated ECs, none of them can
distinguish a speciﬁc stage of EC production, such as commitment,
speciﬁcation, or terminal differentiation. Since in the avian embryo,
there are no established markers that can speciﬁcally identify each
step of EC genesis, the exact stage of EC production which is
suppressed by the notochord remains to be determined.
In addition to suppression of the expression of these EC markers,
we show the notochord inhibits EC assembly. While our chimerical
and explant experiments cannot rule out the possibility that the lower
EC density in control groups is responsible for the lack of plexus
formation, our in vitro assays demonstrate that the notochord
prevented mature ECs from creating networks. These results suggest
that inhibition of EC assembly may also play a prominent role in the
establishment of the midline avascular zone.
The present study further demonstrates that BMP antagonists
mimic notochord-based vascular inhibition, by preventing the
production of QH1 positive cells and repressing the expression EC
markers Vegfr1 and Vegfr2. Consistent with our ﬁndings, a recent
report has also indicated that the expression domain of VEGR2 can be
expanded within the quail paraxial mesoderm by ectopic BMP4
(Nimmagadda et al., 2004). Taken together, these results indicate that
BMP and their antagonists likely play a signiﬁcant role during the
process of vasculogenesis by regulating multiple stages of EC
maturation including EC differentiation in the developing mesoderm,
as well as network formation and migration.
Consistent with the above idea, BMPs and their receptors are
broadly expressed in the mesoderm of the avian embryos during the
stages of early vessel development, while BMP antagonists, such as
Noggin and Chordin, are predominantly expressed in the notochord
(Schultheiss et al., 1997; Connolly et al., 1997; Marcelle et al., 1997;
Streit et al., 1998; Monsoro-Burq and Douarin, 2000; Reese et al.,
2004; Nimmagadda et al., 2004). Although the present study shows
that Noggin mimics notochord-based inhibition in vitro, our study
does not, however, identify which BMP antagonist(s) is responsible
for the inhibitory activities of the notochord. Mice null for Noggin
display severe morphogenetic defects of the entire embryo with
early embryonic lethality (Brunet et al., 1998; McMahon et al., 1998;
Wijgerde et al., 2005), making it difﬁcult to examine the effects on
vasculogenesis. In contrast, mice null for Chordin exhibit much
milder defects including outﬂow track and aortic arch defects
(Bachiller et al., 2000; Delot et al., 2007). It has also been shown
that at least one of the BMP antagonists, Follistatin, is up-regulated
in these null mice (McMahon et al., 1998), likely compensating for
the level of BMP antagonism. These studies suggest that multiple
types of BMP antagonists may play a role in the genesis of midline
avascular zone. The deﬁnitive answer may have to wait for gene
deletion of all BMP antagonists in a notochord-speciﬁc manner,
which is currently difﬁcult, if not impossible. Furthermore, the
question as to whether BMPs and their antagonists regulation ECs
generation and organization is restricted to these early stages of
vasculogenesis or whether these factors continue to inﬂuence blood
vessel formation during later stages or within other ECs populations
has yet to be addressed.
While several mechanisms have been described for repression of
blood vessel development within the embryo (Kearney et al., 2002;
Wahl et al., 2005; Dorrell and Friedlander, 2006; Shukunami and
Hiraki, 2007), to our knowledge this is the ﬁrst example of a
physiological suppressor of vasculogenesis being implicated as a
general inhibitor of EC genesis, network formation, and as shownpreviously, migration. Strikingly, notochord-derived BMP antagonists
inhibit EC function along the midline despite the nearby expression of
known vasculogenic stimulators. Perhaps the most well characterized
of these factors is VEGF, which is expressed throughout the embryonic
disk including the midline region during these stages (Aitkenhead et
al., 1998). Importantly, injection of VEGF into the lateral plate
mesoderm of quail embryos has been shown to increase vascular
density both on the side of the embryo injected and contralateral to
the injection site (Drake and Little, 1995; Finkelstein and Poole, 2003).
However, the midline region between the paired dorsal aortae
remained avascular, indicating that VEGF does not override suppres-
sion of midline vessel formation. Not surprisingly, direct regulation of
the VEGF signaling axis plays an important role in the maintenance of
vascular development. For instance, VEGFR1 null mice die at mid-
gestation (Fong et al., 1995) due to overgrowth of the vascular network
caused by increased EC proliferation (Kearney et al., 2002). It appears
that VEGFR1, which does not produce a strong mitogenic response,
may serve as negative regulator of VEGF signaling during develop-
ment by preventing VEGF from interacting with the more active
VEGFR2 (Waltenberger et al., 1994). Similarly, the ability of chon-
dromodulin to repress angiogenesis is thought to depend on the
ability of chondromodulin to suppress VEGF expression (Yoshioka et
al., 2006). However, we and others, previously noted that neither
excess BMPs nor BMP antagonists change VEGF expression in the
embryo, suggesting that these factors do not directly regulate VEGF
(Reese et al., 2004; Nimmagadda et al., 2004). It therefore remains to
be determined whether the ability of notochord-derived BMP
antagonists to prevent EC from appropriately responding VEGF is an
independent mechanism of the BMP pathway or whether there is a
level of cross-talk between the two signaling axes.
In conclusion notochord based suppression of vessel formation
appears to depend on the ability of BMP antagonists to inhibit
multiple EC behaviors required for vasculogenesis. These include EC
differentiation, migration, and network formation. The combination of
these inhibitory cues ensures that blood vessels are excluded from the
midline until the latter developmental period when the paired dorsal
aorta fuse. The requirement of this avascular region and its
consequences for proper developmental patterning and/or organo-
genesis, however, remain to be determined.
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